Abstract-In this paper, we present experimental results of a small-model study, from which we plan to develop and apply a full-scale field-shaking system to reduce the screening-currentinduced field (SCF) in the 800-MHz high-temperature superconducting (HTS) Insert (H800) of the MIT 1.3-GHz low-temperature superconducting (LTS)/HTS nuclear magnetic resonance magnet (1.3 G) currently under construction-the H800 is composed of three nested coils, each a stack of no-insulation (NI) REBCO double pancakes (DP). In 1.3 G, H800 is the chief source of a large error field generated by its own SCF. To study the effectiveness of the field-shaking technique, we used two NI REBCO DPs, one from Coil 2 (HCoil2) and one from Coil 3 (HCoil3) of the three H800 coils, and placed them in the bore of a 5-T/300-mm room-temperature bore LTS background magnet. The background magnet is used not only to induce the SCF in the DPs, but also to reduce it by the fieldshaking technique. For each run, we induced the SCF in the DPs at an axial location where the external radial field B R > 0, and then, for the field shaking, moved them to another location where the external axial field Bz B R . Due to the geometry of H800 and L500, top DPs of three H800 coils will experience the considerable radial magnetic field perpendicular to the REBCO tape surface. To examine the effect of the field shaking on the SCF, we tested each NI REBCO DP in the absence or presence of a radial field. In this paper, we report 77-K experimental results and analysis of the effect and a few significant remarks of the field shaking.
I. INTRODUCTION

F
OR the development of >1 GHz NMR spectrometer system, with LTS outsert coil, an HTS insert coil must be used owing to its large in-field current-carrying capacities [1] . For a high-resolution NMR spectrometer system, its magnetic field must be uniform with an error field of ∼0.01 ppm over a sample volume, making field shimming a must in the NMR magnet. The screening current-induced field (SCF), a diamagnetic field generated by each turn of HTS coil, is the major field error to incorporate an HTS insert for a high field LTS/HTS magnet. The magnitude of the diamagnetic field, the SCF is directly proportional to the superconductor size and critical current density [2] . Various studies have reported the screening current-induced field (SCF) generated by HTS coils [3] - [5] .
Although the SCF in LTS magnets is much less severe than the one in HTS magnets, the so-called field-shaking technique to minimize the SCF error fields was proposed in 1986 for LTS magnets [6] - [8] . This technique has since been demonstrated, theoretically and experimentally to apply to HTS magnet [9] - [15] . Since the SCF by an HTS insert magnet can be >100 times greater than those typical by an LTS outsert magnet, it is critical to reduce or even eliminate the SCF-generated error field.
Francis Bitter Magnet Laboratory (FBML) of Massachusetts Institute of Technology (MIT) has developed a high-resolution 1.3-GHz/54-mm LTS/HTS NMR magnet (1.3 G). The 1.3 G consists of the 800-MHz HTS insert (H800) composed of 3 nested coils, each a stack of no-insulation (NI) REBCO doublepancakes (DPs), and the 500-MHz LTS outsert (L500). In 1.3 G, H800 is the primary source of a large error field generated by its own SCF. Though L500 has adequately long length, the endplane DPs of three H800 coils will experience the considerable radial magnetic field perpendicular to the REBCO tape surface. To examine the effect of the field-shaking on the SCF, we tested each NI REBCO DP in the absence or presence of a radial field. Based on our earlier field-shaking works [9] - [11] , the experiment presented in this paper will help us to design a field-shaking system most suitable for our 1.3 G. Unlike our previous fieldshaking experiments in which we used either a stack of 3 RE-BCO 94-mm OD NI DPs [10] , [16] or a pile of 12-mm × 12-mm square NI REBCO strips [11] , we use 2 NI REBCO DPs, one from each of two H800 coils (HCoil2 and HCoil3) for our new experiment.
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See http://www.ieee.org/publications standards/publications/rights/index.html for more information. background magnet also reduces the SCF generated by the screening current by the trapezoidal field-shaking patterns, confirmed as effective for reduction of the SCF [16] . Considering the geometry of the LTS/HTS combination and the magnetic field within the HTS tape, the largest SCF error field occurs in the top and bottom end regions of a magnet, where the radial fields, applied-and self-field, are greatest. Therefore, we induced the SCF in the presence of the maximum external radial field and then, attempt to reduce it by the field-shaking technique in absence or presence of the external radial field.
II. TEST COILS AND EXPERIMENTAL PROCEDURE
In this study, for the SCF induction and field-shaking tests, we used 2 NI REBCO DP coils, one from each of 2 H800 coils (Coils 2 and 3). Separate tests were used to characterize the field-shaking behavior of the HCoil2 DP and the HCoil3 DP, respectively. Specifications of 2 REBCO DPs are shown in Table I .
The magnetic field near the ends of the H800 contains significant radial field component. To examine the effect of the field-shaking on the SCF, we tested each NI REBCO DP in the absence or presence of a radial field. This can be achieved by testing each NI REBCO DP at a selected position above or below the mid-plane of the 5-T LTS background magnet. From the geometry of the coil winding of the LTS background magnet, both Coil 2 and Coil 3 NI REBCO DPs will experience the maximum radial field at z = ±175 mm by the shape of the background magnet. Table II is the specifications of the LTS background magnet. Fig. 1 shows the position of the LTS background magnet and the tested DPs. The SCF was induced at z = −175 mm, and the field-shaking was done at the mid-plane. Dashed arrow lines mean that the DP attached to the flange plate is movable.
The procedures to induce the SCF and later to reduce the SCF by the field-shaking are as below:
1) Place a single NI REBCO DP, at room temperature, at an axial location, z = −175 mm, below the mid-plane of the LTS background magnet. 2) Apply the magnetic field of 5 T to the single NI RE-BCO DP. The coil experiences the external radial field of 0.73-0.82 T, perpendicular to the tape surface, at this location. 3) Turn the NI REBCO DP into the superconducting state by cooling in a bath of liquid nitrogen, ready for inducing an SCF by flux trapping. 4) Reduce the external magnetic field to zero, the process of which induces the SCF in the DP. 5) Relocate the DP to the mid-plane of the LTS background magnet for the field-shaking in the absence of the radial field; or stay at z = −175 mm, for the field-shaking in the presence of the radial field. 6) Apply a shaking field with the LTS background magnet using 0.6-1.6 T trapezoidal field injection, confirmed as effective for reduction of the SCF [16] . 7) Map the radial field along the z-axis at the DP's innermost turn.
III. INDUCTION OF SCF AND FIELD-SHAKING TEST
A. Field-Shaking of HCoil2 DP: With and Without Radially Shaking Field
Following the above-noted procedure, we induced the SCF of HCoil2 DP at z = −175 mm and later positioned the DP to certain locations, z = 0 mm or −175 mm to reduce its SCF by field-shaking with or without the radial field. At z = 0 mm, the DPs experienced the axial component of the shaking field, B sk −Z and almost zero radial component of the shaking field, B sk −R . However, at z = −175 mm, both certain B sk −Z and B sk −R were applied to the DPs. The measurements of magnetic flux density distribution along the z-axis were repeated after every field-shaking experiment.
Figs. 2 and 3 show B R , the measured radial field at the innermost turn of HCoil2 DP before and after field-shaking when the DP was located at z = 0 mm and −175 mm, respectively. To quantify and compare the effect of B sk −R on the field-shaking for the reduction of the SCF, we calculated the line integrals of the measured magnetic flux density along the z-axis, |B scf |dz which has the unit of Wb/m and compare their normalization values. Fig. 4 shows the normalization value of that line integral for HCoil2 DP's field-shaking tests.
When the field-shaking was performed at z = 0 mm with the absence of B sk −R , six field-shaking applications of B sk −Z of 0.6 T lowered the SCF to 20.9-23.2% of its originally induced SCF. After a precipitous drop to 22.8% at its first field-shaking application, the SCF was saturated at ∼22% with more applications.
However, when the field-shaking was performed at z = −175 mm with B sk −R of 0.14 T, three field-shaking applications of B sk −Z of 0.6 T showed the saturation of the SCF reduction, at 89.1-91.1%. Because the SCF reduction showed the tendency of saturation, the additional tests were performed at z = 0 mm. Without B sk −R , the first application of fieldshaking reduced the SCF to 15.0% and two more applications reduced the SCF to 13.9% and 15.0%, respectively.
B. Field-Shaking of HCoil3 DP
Similar to HCoil2 DP's tests, we induced the SCF of HCoil3 DP at z = −175 mm and later moved the DP to z = 0 mm. In this test, when the SCF reduction showed the tendency of the saturation, B sk −Z was increased. Fig. 5 shows the B R of HCoil3 DP before and after fieldshakings. Fig. 6 shows the comparison the field-shaking effect on HCoil3 DP with various B sk −Z . It shows that five fieldshaking applications of B sk −Z = 0.6 T lowered the SCF to 54-51% of its originally induced SCF. Moreover, each four more field-shaking applications of B sk −Z = 0.8 T and 1.2 T reduced the SCF to 48-42% and 32-28%, respectively. Moreover, three more field-shaking applications of B sk −Z = 1.6 T reduced the SCF to 24-21%.
C. Test Summary and Discussion
Two tests on HCoil2 DP and a test on HCoil3 DP successfully reduced the SCF to approximately 20% of their initially induced values. Once the reduction of the SCF shows the tendency of saturation, unless the shaking-field was increased, the repetition of the field-shaking did not reduce the SCF anymore. The field-shaking of 0.6 T with the radial field of 0.14 T makes the field-shaking significantly less effective which shows only 11% reduction (100→89%), compared with the field-shaking of purely axial 0.6 T which shows 80% reduction (100→20%). Therefore, we may conclude that for 1.3 G operation, the fieldshaking for the reduction of SCF in H800 should be performed with the almost pure axial field.
In addition to the SCF reduction, though any current was not supplied to each DP, we observed the superconducting-tonormal transition in an HCoil3 DP test from the electromotive force between the background magnet and the NI DP coil. Fig. 7 shows this phenomenon during the test. Due to the existence of the turn-to-turn contact, NI coil can be expressed as a closed-loop RL circuit which can be charged by the external varying magnetic field in this test. The electromotive force from the background magnet is directly proportional to the current sweep rate of the background magnet. Therefore, for NI HTS magnets, the electromotive force is also directly proportional to the frequency of the field-shaking. 
IV. CONCLUSION
The measurement of the SCF and the effect on the fieldshaking for its reduction was studied experimentally. Two NI REBCO DPs, one from each of two H800 coils (Coils 2-3) were tested. The field-shaking tests were performed at various amplitudes of shaking-field and DPs axial location. The experiment presented in this paper will help us to design a field-shaking system most suitable for our 1.3 G. Based on the experimental results and analyses to date, we may conclude that:
r The field-shaking technique successfully reduces the initial amount of the SCF even after one field-shaking application.
r The higher shaking field is more effective on the reduction of the SCF than the lower.
r Presence of the radial field during field-shaking made fieldshaking significantly less effective than in the absence of one.
r For the field-shaking of the HTS magnets adapting NI winding technique, the frequency of the field-shaking can be restricted within a certain limit due to the induced current by the electromotive force.
